To describe the overall role of reduced sarcoplasmic reticulum Ca 2þ ATPase (SERCA2) for Ca 2þ wave development. 
Aims
To describe the overall role of reduced sarcoplasmic reticulum Ca 2þ ATPase (SERCA2) for Ca 2þ wave development. 
Methods and results
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Conclusion
Reduced SERCA2 abundance resulted in decreased amplitude and decay rate of Ca 2þ transients, reduced SR Ca 2þ content, and decreased propensity for Ca 2þ wave development.
Introduction
Patients with heart failure have an increased risk of sudden cardiac death from arrhythmias, 1 potentially arising from delayed afterdepolarizations (DADs), which trigger spontaneous action potentials. 2 DADs result from activation of the Na þ -Ca 2þ exchanger (NCX) in diastole by Ca 2þ spontaneously released from the sarcoplasmic reticulum (SR). 3 -5 This spontaneous Ca 2þ release is a self-propagating process of 'fire-diffuse-fire' where Ca 2þ released from one release unit, or ryanodine receptors (RyRs), travels through the cytosol and triggers release from neighbouring release units in so-called Ca 2þ waves. 6 -9 In ventricular cardiomyocytes, Ca 2þ waves develop when the Ca 2þ content of the SR reaches a threshold level. 10, 11 The Ca 2þ sensitivity of the RyR is central in determining this threshold level, and accordingly, the mechanisms of RyR regulation have received much attention. 12, 13 However, less is known about the transition from localized spontaneous Ca 2þ release to self-propagating 
Methods
For additional information on methods, see Supplementary material online, Methods. Age-matched (10 weeks) SERCA2 KO and control (Serca2 flox/flox ; FF) 23 mice were intraperitoneally injected with 1.0 mg of tamoxifen base (Sigma-Aldrich, Oslo, Norway) in peanut oil 6 days prior to experiments. In one set of experiments, B6/J were used to study the effect of increased open probability of the RyR (P o RyR) on Ca 2þ wave velocity.
Mice and protein quantification
Left ventricles were harvested 6 days + 1 h after tamoxifen injection. Western blot analysis using total protein homogenates were performed as described previously. 22 Equal amounts of protein were loaded for KO and FF mice. Calsequestrin (CSQ) was used as a loading control.
Cellular experiments
Cardiomyocytes were isolated as described. 24 Basic characterization of Patch pipettes (1 -2 MV) were filled with (in mM): CsCl 120, TEACl 20, HEPES10, Na 2 ATP 5, CsEGTA 0.02, and Fluo-5F pentapotassium salt 0.1. Field-stimulated cells were loaded with Fluo-5F AM and stimulated at 1 Hz. Ca 2þ -dependent fluorescence was expressed as F/F 0 . Throughout this paper, the decay phase of fluorescence signals is described by the rate constant (1/t) calculated from single-exponential fits to the pseudo-ratio signal. To calculate the rate of Ca 2þ removal by SERCA2, NCX, and PMCA, fits were made over the same pseudo-ratio range for each cell under the different conditions.
Confocal microscopy
Confocal microscopy was performed with an LSM 510 scanning system (Zeiss GmbH, Germany) with a Â40 water-immersion objective. For line scan images of Ca 2þ waves, cardiomyocytes were scanned with a 512 pixel line. Pixel width was between 0.13 and 0.36 mm. The scan line was positioned along the longitudinal axis of the cell, avoiding nuclei. The fluorescence signal of a Ca 2þ wave was analysed by dividing a linear region of the wave into 10 sections, 8 pixels wide. Plots of these sections were averaged to calculate peak fluorescence and rate constants of the decay phase of a wave. Ca 2þ sparks were counted in the same images used for characterization of Ca 2þ waves, excluding regions closer than 15 ms to Ca 2þ waves.
Echocardiography and telemetric ECG surveillance
Echocardiography was performed on mice anaesthetized with isoflurane (1 -3%) as described. 26 ECGs were obtained from freely moving mice carrying telemetry transmitters in the dorsal thoracolumbar region. ECG recordings were performed during night 5.5 days and during day 6 days after tamoxifen injections. Analysis was performed by manual scanning of all ECGs by two investigators and independently by an external investigator blinded to mouse genotype.
Statistics
Results are shown as mean + standard error of mean (SEM). All data sets contain data from a minimum of three mice, with n indicating the number of cells. Student's two-tailed t-test was used to test statistical significance of difference between means of cellular and ECG data, and one-tailed t-test was used for echocardiographic data presented except left ventricular diameter. Western blots of the left ventricle showed a 53% reduction in SERCA2a protein abundance compared with controls ( Figure 1A ; P , 0.05). Notably, no alterations were found in the abundance of the cardiac ryanodine receptor (RyR2), Ser-2809 phosphorylated RyR2 (P-RyR), phospholamban (PLB), the NCX, the L-type Ca 2þ channel (LTCC), PMCA, or CSQ ( Figure 1A) . These results are important since changes in expression of these proteins could potentially influence Ca 2þ wave development.
On the basis of capacitance measurements, myocytes from KO mice were not hypertrophied (KO: 232 + 17 pF vs. FF: 231 + 14 pF; KO, n ¼ 22; FF, n ¼ 26). Ca 2þ homeostatic mechanisms were altered as follows ( Figure 1B -D [ Figure 3A) accompanied by NCX currents. Under these conditions, Ca 2þ waves developed in 57% of ventricular cardiomyocytes from SERCA2 FF mice, but in only 31% of KO myocytes ( Figure 3B ; P , 0.05). The SR Ca 2þ content at wave development, i.e. the threshold SR Ca 2þ content for wave development, was lower in the KO group ( Figure 3C ; KO: 117.6 + 7.5 mmol/L vs. FF: 149.0 + 7.6 mmol/ L, P , 0.05). For FF cells, SR Ca 2þ content was higher in cells with waves than in cells in which waves did not develop ( Figure 3C ). The same trend was observed for KO cells, but did not reach statistical significance ( Figure 3C ). The I NCX resulting from Ca 2þ extrusion from the cytosol during wave propagation was used for calculation of total Ca 2þ efflux during the Ca 2þ wave. We found no change in the amount of extruded Ca 2þ , either in absolute terms ( Figure 3D ; KO: Even though the Ca 2þ transport rates of NCX and PMCA were less than 10% of the SERCA2-dependent transport rate in both groups, we performed a series of control experiments to rule out the possibility that these could contribute to the lower wave velocity in the KO cells. Wave propagation velocities were measured before and after inhibition of NCX with high extracellular Ni 2þ (10 mM 
Decreased frequency of VES in SERCA2 KO mice
Since the propensity for Ca 2þ wave development was reduced in ventricular cardiomyocytes from SERCA2 KO mice, these mice could have fewer DAD-triggered VES. To test this hypothesis, we performed telemetric ECG surveillance of freely moving mice ( Figure 6 ). 
Discussion
In this study, a 53% reduction in SERCA2 abundance found in SERCA2 KO mice resulted in fewer ventricular myocytes that developed waves, even though waves developed at a lower SR Ca 2þ content.
Furthermore, Ca 2þ wave propagation was slower in KO myocytes compared with FF controls. SERCA2 KO mice also showed a decreased frequency of VES.
Comparison to other models with reduced SERCA2 abundance
This paper is the first study of Ca 2þ waves in a model with a direct reduction in SERCA2 by genetic means without perturbations in the abundance of other central Ca 2þ transporting proteins at the chosen time point (6 days after Serca2 gene disruption). This is in contrast to the alterations observed in SERCA2 KO at later time points (4 weeks), 22 or as seen in Serca2 wt/null heterozygous mice. Two phenomena could contribute to this apparent discrepancy: First, the I CaL could contribute more to the Ca 2þ transient in the KOs.
Indeed, a larger peak and integral of I CaL was found. Secondly, decreased SERCA2 abundance would mean a lower total cytosolic buffer capacity in the KOs, resulting in a higher free cytosolic Ca 2þ concentration for a given total Ca 2þ . This could generate an 'artificially' high fluorescence signal during the Ca 2þ transients in the KOs, as suggested from previous works with increased SERCA2 expression. 31 We addressed the mechanism for the increased I CaL by using Ba 2þ as the charge carrier, avoiding the effect of SR Ca 2þ release. Under these conditions, currents were equal in the two groups (see Supplementary material online, Figure S1 ). Thus, the increased baseline current in KO could at least partly be explained by a decreased Ca 2þ -dependent inactivation, although not fully since the peak was increased more than the integral of the current.
Reduced SERCA2 abundance decreases the propensity for Ca 21 wave development
We find that the overall effect of reduced SERCA2 abundance is that fewer cells develop Ca 2þ waves (Figure 3) . However, Ca 2þ wave development is the result of two processes: spontaneous Ca 2þ release and propagation by Ca 2þ diffusion. SERCA2 could potentially affect both of these. Since we, in agreement with a previous study with pharmacological inhibition of SERCA2, 15 find that the SR Ca 2þ content needed for waves to develop is actually lower in the KO myocytes (Figure 3) , we can assume that at least part of the effect of SERCA2 reduction is a reduced ability to reach this threshold content. Furthermore, even if fewer KO cells developed waves, we observed more initiating events, i.e. Ca 2þ sparks, in these cells ( Figure 5 ). This indicates that when spontaneous release occurred in the KO myocytes, it was less likely to develop into a wave. Slower wave propagation observed in KO myocytes might be seen as a support for this finding. However, the interpretation of these findings involves an ongoing controversy regarding the mechanism for Ca 2þ wave propagation. Experiments with pharmacological inhibition of SERCA2 have lead to two hypotheses: the first states that the amount of Ca 2þ available for cytosolic diffusion determines propagation velocity, 15, 16, 32 and the other states that Ca 2þ reuptake from the propagating wavefront is necessary and driving propagation. 33 Support for this latter hypothesis also come from instantaneous inhibition of SERCA2 by flash photolysis of caged TBQ. 17 Although some of these results seem incompatible, changes in the amount of Ca 2þ available for cytosolic diffusion and changes in luminal sensitization of the RyR could both affect Ca 2þ wave propagation. 32 Macquaide et al.
34
suggested from experimental and modelling studies that higher cytosolic Ca 2þ would increase the rate of reuptake of Ca 2þ through SERCA2, and thus actually promote luminal sensitization of the RyR. Our results indicating that sparks were less likely to develop into waves in KO cells and that waves propagated at lower velocities do not allow us to separate between the two proposed mechanisms for propagation. Indeed, we observed both lower SR Ca 2þ content at wave development and decreased peak Ca 2þ release. The most important finding in this study is that the overall effect of reduced SERCA2 is decreased propensity for Ca 2þ wave development, regardless of the mechanism for propagation. This seems to be in line with recent findings in a rabbit heart failure model. 21 4.4 The role of RyR phosphorylation and sarcolemmal fluxes in Ca 21 wave propagation Altered RyR sensitivity is unlikely as an explanation for slower waves in our experiments. First, the RyR protein expression levels and phosphorylation levels were not different between groups. Secondly, we found no significant differences in the size of the initiating Ca 2þ release, i.e. the amplitude of Ca 2þ sparks, although a higher frequency was found. As suggested above, this finding can possibly be explained by sparks being less likely to initiate waves. Thirdly, our control experiments set to increase the P o RyR with low-dose caffeine did not alter the propagation velocity. This latter finding is not in accordance with previous papers using low-dose caffeine 32 or claiming a PKAdependent effect on RyR from isoproterenol. 35 However, both of these studies found higher wave velocity. Thus, even if a higher P o RyR was present in the SERCA2 KO cells, it could not explain the lower propagation velocity. Inhibition of NCX only altered wave velocity in the FF cells, but somewhat surprisingly slowed propagation. Regardless of the explanation, this rules out the possibility that increased sarcolemmal fluxes could explain the slowing of waves in KO cells.
SERCA2 KO mice have fewer VES
Overall, fewer ventricular myocytes from KO mice developing waves could in itself mean that VES were less likely to occur in these mice. Furthermore, recent data show that the kinetics of the I NCX resulting from a wave (and not only its integral) determine whether an action potential is triggered. 36 Potentially, waves propagating at a lower velocity in the KO myocytes could thus contribute to a lower propensity for triggered action potentials and VES. Our experiments were not designed to test this. However, less frequent VES in SERCA2 KO mice supports our cellular data. Nevertheless, these data should be interpreted with caution. The lower heart rate in KO mice than controls during their active hours would in itself contribute to a decreased occurrence of VES. We have not investigated the sympatheticparasympathetic balance in these animals, and the occurrence of VES could be different in situations with increased adrenergic stimulation. Furthermore, although we did not find any differences in the I NCX resulting from wave propagation, our experiments were not designed to adjust for other factors affecting the excitability of the cell membrane, such as the expression of potassium channels or intracellular sodium concentrations. However, the short time span after induction of Serca2 gene disruption in this model and lack of observed changes in other Ca 2þ -handling proteins make it less likely that major compensatory mechanisms affecting Ca 2þ homeostasis or membrane potential have occurred.
Conclusion
The main finding of this study was that reduced SERCA2 abundance decreased the number of ventricular cardiomyocytes that developed Ca 2þ waves. This was probably the result of decreased propensity for both Ca 2þ overload and Ca 2þ wave propagation. We conclude that decreased SERCA2 abundance per se does not contribute to an increased risk of Ca 2þ -triggered arrhythmias in heart failure.
Supplementary material
Supplementary material is available at Cardiovascular Research online.
